To compare fracture healing therapies, the gene expression profiles of rat fracture samples treated with nail and plate fixation were analyzed at 1 day, 3 days, 1 week, 2 weeks, 4 weeks, and 6 weeks after surgery. The gene expression profiles GSE1685, which include 19 samples, were downloaded from the Gene Expression Omnibus database. After preprocessing, the gene expression profiles were subjected to time series analysis using the Short Time-series Expression Miner software, and the significantly differentially expressed gene (DEG) sets were selected. Further, the distributions of those DEG sets on the corresponding chromosomes were identified using the functional classification tool. Finally, the DEGs were subjected to function and pathway enrichment analysis. DEG analysis indicated that the number of DEGs (854 genes) from nail fixation was significantly lower than that of DEGs (1029 genes) from plate fixation. The DEGs were mainly enriched in cell proliferation, cellular localization, and response to wounding functions. Several critical DEGs expressed during the fracture healing process were screened, and 2 common pathways were enriched for the DEGs in the nail fixation and plate fixation. These 
INTRODUCTION
Bone fractures can be caused by stress or skeleton-related diseases (Tang and Vashishth, 2011 ). Every year, more than 300 individuals per 100,000 suffer from the incidence of bone fracture (Meling et al., 2009; Tosounidis et al., 2009 ). In the United States, nearly 10% of bone fractures display impaired healing (Einhorn, 1995) . Different surgical methods, such as nail fixation and plate fixation, have been used to treat fractures. However, only a better understanding of the fracture healing process can improve the fracture recovery rate.
Nail and plate fixation have been widely used as operative fixation methods (Baldwin et al., 2014) . Experimental results have shown that plate fixation, as a high stability fixation method, can increase the risk of avascular necrosis, while nail fixation can negatively influence patients' functional outcome (Gradl et al., 2007) . A comparison of the clinical and radiologic outcomes of plate versus nail fixation showed that patients' pain and Constant-Murley and Neer scores were similar during the fracture healing for these 2 fixations (Konrad et al., 2012) . However, only a limited number of studies were carried out to compare gene expression during the fracture healing with these 2 fixation methods (Heiner et al., 2006) .
In this study, the time-series gene expression profiles were compared for the nail and plate fixation, and significantly differentially expressed gene (DEG) sets were selected. Further, the DEGs were subjected to function and pathway enrichment analysis, and some critical DEGs and pathways were identified, which may be used as potential targets or predictive markers during fracture healing.
MATERIAL AND METHODS

Gene expression profiles
The gene expression profiles (GSE1685) (Heiner et al., 2006) , which included 19 samples, were downloaded from the Gene Expression Omnibus database (Edgar et al., 2002) (http://www.ncbi.nlm.nih.gov/geo/). The data can be divided into 3 groups: plate fixation group, nail fixation group, and sham group. Each group contained time-series gene expression profiles from 1 day, 3 days, 1 week, 2 weeks, 4 weeks, and 6 weeks after surgery in the fracture healing. The probe signals were converted into the corresponding gene symbols based on microarray platform RG_U34A (Affymetrix Rat Genome U34 Array, USA).
Time-series analysis
All of the gene expression profiles were grouped as nail versus sham group and plate versus sham group. Then, the gene expression profiles of these 2 groups were preprocessed and subjected to time-series analysis using the Short Time-series Expression Miner (STEM) software (Ernst et al., 2005) . With the criteria of false discovery rate (FDR) less than 0.05 and simi-larity coefficient more than 0.9, the significant DEG sets were selected. The STEM software was first designed for the analysis of short time-series microarray data with the functions of clustering, comparison, and visualization Yu et al., 2011; Zhang et al., 2011) .
Distribution of DEGs on the chromosomes
The DEGs were located to the corresponding chromosome. Then, the distribution of DEGs on the chromosomes was compared between nail fixation and plate fixation.
Function enrichment analysis of the DEG sets
The function enrichment analysis is based on a group of genes that have similar or related functions rather than a traditional single gene. In the analysis, the P value represents the random probability that one gene is assigned to a function (Allison et al., 2006) . Thus, a very small P value gives strong evidence for an association between the gene and function. In this study, the function enrichment analysis was carried out using the functional classification tool (USA) (Huang et al., 2009b) with the criteria of FDR less than 0.05.
Pathway enrichment analysis of the DEGs sets
Pathway enrichment analysis was conducted for the DEGs that are differentially expressed in nail fixation, plate fixation, or both using the Database for Annotation Visualization and the Integrated Discovery software (USA) (Huang et al., 2009a,b) .
RESULTS
Time-series analysis
In order to explore the gene expression profile changes with time, the data were subjected to time-series analysis. Based on the STEM model expression clustering algorithm, the DEGs in the nail fixation and plate fixation groups could be clustered into 36 gene sets, and each set included the genes with a similar expression model. Based on the statistical analysis of the 36 gene sets, 12 and 13 DEG sets were statistically significant in the group of nail versus sham and plate versus sham, respectively (Figure 1 ). Among the 12 sets in the nail versus sham group, the most significantly changed gene set contained 854 genes; in the plate versus sham group, the most significantly changed gene set contained 1029 genes. As shown in Figure 1 , the gene expression level in average in the sham group is higher than that in the nail fixation and plate fixation samples. Notably, the gene expression level in the nail fixation group is higher than that of the plate fixation group at each time point.
Chromosome distribution analysis
To explore the distribution of DEGs on the chromosomes, the DEGs were located to the corresponding chromosome. As shown in Figure 2 , the chromosome distribution of the DEGs in the nail fixation and plate fixation groups was almost the same, covering most of the chromosomes. 
Function enrichment analysis of the DEGs
Function enrichment of the DEGs in the most significantly changed gene sets of nail fixation (854 genes) and plate fixation (1029 genes) compared with sham was conducted using the functional classification tool. As listed in Tables 1 and 2 , a total of 23 and 42 significant Gene Ontology terms were enriched for both groups, respectively. Most of the DEGs were related to cell proliferation, cellular localization, and wound response. GO 
Pathway enrichment analysis of the DEGs
In order to compare the enriched pathways of the DEGs in the nail fixation and plate fixation groups, the DEGs were subjected to pathway enrichment analysis. The enriched pathways of the genes that are only differentially expressed in the nail fixation group and plate fixation group are listed in Table 3A and B, respectively. Interestingly, 2 pathways, neuroactive ligand-receptor interaction pathway and calcium signaling pathway, were enriched in both groups (Table 3C) .
A. Enriched DEGs of nail fixation samples
Pathways
Gene count FDR 
DISCUSSION
In this study, time-series expression patterns of DEGs were analyzed in the nail fixation and plate fixation samples during fracture healing. A total of 12 and 13 significant DEG sets were identified in the nail fixation and plate fixation group, respectively. The distributions of the DEGs on chromosomes were almost the same for the two groups. Further, some of the enriched functions and pathways of those DEGs were previously reported to be significantly related to bone development.
Time-series expression analysis provides a wealth of information regarding the dynamic changes of genes during fracture healing rather than a static gene expression profile (Li et al., 2010; Zhang et al., 2011) . The different number of DEGs in the 2 groups indicated that these 2 fixation methods may experience quite different regulation pathways during fracture healing. On average, the gene expression levels in the 2 groups were significantly downregulated compared with the sham group. However, the expression levels of some genes were constitutively increased from day 1 to week 6, such as transforming growth factor-beta 2 (TGF-b2), bone morphogenetic protein 6 (BMP6), and bone morphogenetic protein 7 (BMP7). Research has shown that TGF-b2 reached maximal expression on day 7 during cartilage formation in the fracture healing process (Cho et al., 2002) , and TGF-b2 can increase DNA content and stimulate type I collagen synthesis and promote human bone marrow stromal cell differentiation toward the osteoblast phenotype (Fromigué et al., 1998) . BMP6 and BMP7, which belong to the bone morphogenetic protein family, have been demonstrated to promote bone repair during fracture healing (Nakase et al., 1994; Bostrom et al., 1995) . These critical DEGs in the 2 fixation methods may play a critical role in the healing of fractures.
Function enrichment analysis of the DEGs in the nail fixation group showed that the DEGs were enriched in cellular localization, nutrient levels, response to wounding, and cell proliferation regulation functions, which are necessary for the subsequent mesenchymal stem cell proliferation (Tatsuyama et al., 2000) . Research shows that diverse growth factors were expressed to regulate cell proliferation and promote callus during bone fracture healing (Tatsuyama et al., 2000) . The function of cellular localization also plays an important role for the transfer of bone marrow cells to fracture callus (Devine et al., 2002) . In vivo experiments demonstrated that the pluripotent bone marrow cells containing many fracture repair cellular elements need to be transferred to the fracture callus (Devine et al., 2002; Tarkka et al., 2003) . In the plate fixation group, most of the enriched functions were similar to those of the nail fixation group. Function enrichment analysis indicated that although the numbers of DEGs in the 2 groups were different, the functions of those DEGs were similar, and those DEGs may be critical for fracture healing.
Further, neuroactive ligand-receptor interaction and calcium signaling were the 2 common pathways of DEGs from both the nail fixation and plate fixation samples. These pathways probably significantly regulate fracture healing. Recently, research based on a number of anatomic, pharmacologic, and genetic studies on β2 β-adrenergic receptor (AR) have shown that the sympathetic nervous system (SNS) can link the central nervous system with the skeleton (Castañeda-Corral et al., 2011; Elefteriou et al., 2014) . By regulating the SNS and βAR signaling, the SNS can control bone remodeling (Elefteriou et al., 2014) . Research also has shown that neuropeptide Y can control the bone mass via its Y 1 receptor (Sousa et al., 2013) . Calcium signaling was necessary for aggrecan synthesis in rat chondrocytes (Parvizi et al., 2002) . The mediation of the upregulation of aggrecan and type II procollagen by the calcium signaling pathway can accelerate fracture repair. Hence, both the neuroactive ligand-receptor interaction and calcium signaling pathways were important for fracture healing and may be used as potential regulatory targets.
In summary, the DEGs in the time-series expression profiles for the nail fixation and plate fixation were screened, and their expression levels were compared. Function and pathway enrichment analysis indicated that most DEGs played important roles in fracture healing. The DEGs and pathways identified may be helpful for the treatment of fractures.
